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Abstract. Ultra-light bosons such as axions or axion-like particles (ALPs), are promising
candidates to solve the dark matter problem. A unique way to detect such ALPs is to search
for the periodic oscillation feature of the position angles of linearly polarized photons emitted
from the regions where ALP dark matter forms a solitonic core. In this work, we use the
high-resolution polarimetric measurements of the radiation near the super-massive black hole
(SMBH) in the center of the Milky Way, i.e., Sagittarius A? (Sgr A?), by a sub-array of the
Event Horizon Telescope to search for the ultra-light ALPs. We derive upper limits on the
ALP-photon coupling of ∼ 10−12 GeV−1 for ALP masses of m ∼ (10−19 − 10−18) eV. Our
results are stronger than that derived from the observations of SN1987A and a population of
supernovae in the mass window of (10−19 − 10−17) eV. Improved polarimetric measurements
with the full Event Horizon Telescope can further strengthen the constraints.
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1 Introduction
As a crucial component of the Universe, the nature of dark matter (DM) remains a
mystery [1–3]. For quite a long time the weakly interacting massive particles (WIMPs)
are regarded as the most prevailing hypothetical candidates of DM due to the success in
explaining the relic abundance of DM [4]. However, so far there is no convincing evidence
of the existence of WIMPs in many direct detection experiments and very stringent limits
on the cross section between DM particles and standard model particles have been given
[5–7]. The experimental searches for other candidates of DM have thus attracted more and
more attention in recent years [8, 9]. As one of the many alternatives, a class of ultra-light
bosonic particles, axions and their extended scenarios dubbed as axion-like particles (ALPs),
have been widely discussed due to their broad connections with several important problems
in physics and cosmology. This type of hypothetical pseudo-scalar fields were originally
motivated by the solution of the strong-CP problem in quantum chromodynamics (QCD)
[10–13]. While the favored mass range of the QCD axions may be limited, and the mass-
coupling relation is largely fixed, the ALP scenario can span a much wider parameter range
of the mass and coupling, and can be viable DM candidates [14]. Very interestingly, ultra-
light ALPs (with m ∼ 10−22 eV), which are naturally predicted in the string theory [15], can
potentially solve the “small-scale crisis” of the structures in the cold DM Universe [16–19],
and are regarded as one of the most promising DM candidates other than WIMPs.
There have been many experimental designs searching for axions or ALPs based on their
possible coupling to the electromagnetic sector. These include, for example, the conversion
of ALPs into photons [20–22], the spectral distortion of photons [23–26], and the fifth force
mediated by ALPs [27–29]. All these experiments have already excluded a sizable parameter
space of the ALPs [30].
Another independent and complementary method is that the axion field can give rise to
a rotation of the photon polarization position angle due to its interaction with electromag-
netic field, which is similar with the classical Faraday rotation effect and known as one kind of
birefringence effect [31–39]. Different from the axion-photon conversion, the birefringence ef-
fect is path-independent and frequency-independent. The variation amplitude of the position
angle is proportional to the axion field strength, and thus radiation from where high density
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axion fields form, for example, those located in the galactic halo center or around massive
black holes, are ideal targets to search for this birefringence effect. High-resolution obser-
vations, e.g., with the fabulous technology of the very-long-baseline interferometry (VLBI)
[40–42], are usually required, since we want to observe small regions in the center of a galaxy.
Recently, the successful operation of the Event Horizon Telescope (EHT) program, which
is a global VLBI array operating at mm wavelengths, has made it possible to observe the
detailed polarimetric images of the nearby super-massive black holes Messier 87 (M87?) and
Sagittarius A? (Sgr A?) [43–45]. These high-resolution polarimetric observations provide us
with a powerful and unique way to search for ALPs.
In this work, we search for the ALP-photon coupling signature using the position angle
variations of polarized millimeter emission from Sgr A? observed by a sub-array of EHT [44].
For the density profile of ALPs in the Galactic center, we adopt a solitonic core at small
radii plus a Navarro-Frenk-White (NFW) profile at large radii [46]. We use the maximum
likelihood method to search for a periodic oscillation of the position angle in the data. Since
the measurement results at different time show relatively large variations which may be due
to the astrophysical environmental effects, we choose the data taken in Day 82 of Ref. [44]
which are relatively stable within a period of ∼ 4 hours to give the constraints on the ALP-
photon coupling. The observation time coverage of ∼ 4 hours with a cadence of ∼ 20 minutes
is sensitive to ALPs with mass of ∼ 10−18 eV.
The rest of this paper is organized as follows. In Section 2, we review the photon
propagation in an external ALP background, and derive the corresponding position angle
variation of a linearly polarized photon due to the coupling with the oscillating ALP field. In
Section 3, we present the constraints on the ALP parameters from the likelihood analysis of
the polarimetric measurement data of Sgr A?. We give some discussion of the current work
and future prospects in Section 4, and summarize this work in Section 5.
2 Birefringence from ALPs
2.1 ALP-photon interaction
The ALP field can interact with the electromagnetic field, giving rise to periodic rotation
of the position angle of a linearly polarized photon, which is known as the birefringence effect.
The relevant Lagrangian terms include
L = −14FµνF
µν + 12
(
∂µa∂
µa−m2a2
)
+ gaγ4 aFµνF˜
µν (2.1)
where a is the ALP field with mass m, Fµν is the electromagnetic stress tensor and gaγ is the
coupling constant between the ALP and the photon field. The equations of motion arising
from Eq. (2.1) are
A¨−∇2A = gaγ(a˙∇×A+ A˙×∇a) (2.2)
and
a+m2a = gaγE ·B. (2.3)
Assuming |gaγE ·B|  m2a, we can ignore the backaction term. Then a simple solution to
Eq. (2.3) is the coherently oscillating ALP field
a(t,x) = a0(x) sin[mt+ δ(x)], (2.4)
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where a0(x) is the amplitude and δ(x) is the position-dependent phase. We assume that the
time variation scale of a0(x) and δ(x) are much longer than the oscillation period of the ALP
field
T = 2pi
m
' 4× 103
(
10−18 eV
m
)
sec. (2.5)
so that we can treat them as time-independent. Following [35], in the temporal gauge and
the Coulomb gauge, A(t,x) can be decomposed into two circular polarization modes A±:
A(t,x) =
∑
±
∫
d3k
(2pi)3A
±(k)e±(kˆ)e(ik·x−iω±t), (2.6)
with unit circular polarization vectors e±(kˆ) satisfying ik × e±(kˆ) = ±ke±(kˆ). Taking the
decomposition into the equation of motion (2.2), we can get the two different dispersion
relations for the corresponding circular polarized modes
w2± − k2 ∓ gaγ(a˙+ kˆ ·∇a)|k| = 0. (2.7)
In the limit k  m, the solutions reduce to w± ' k ± gaγ2 dadt with d/dt being the total
derivative along the propagation path of the photon. This birefringence comes from the
spontaneous breaking of the parity symmetry due to the misalignment of the ALP field. For
a linearly polarized photon, this leads to the change of the position angle φ in the polarization
plane with
∆φ = 12
∫ tobs
temit
(w+ − w−)dt = gaγ2
∫ tobs
temit
da
dt
dt
= gaγ2 [a(tobs,xobs)− a(temit,xemit)],
(2.8)
where a(temit,xemit) and a(tobs,xobs) are the ALP field at the emission and the observation
point respectively. We will be interested in the situation where the density of the ALP
field in the vicinity of the light source is much higher than the one near the observer, i.e.
a0(temit,xemit) a0(tobs,xobs). Thus only the ALP field around the emission point becomes
relevant. Assuming that ALPs make up the dominant DM and using the relation ρDM =
1
2m
2a20, the position angle shift can be parameterized as
∆φ ' 5◦ sin
(
2pi t
T
+ δ(x)
)(
ρDM
2× 109 GeV/cm3
) 1
2
(
gaγ
10−12 GeV−1
)(
m
10−18 eV
)−1
. (2.9)
The final position angle contain two parts
φ(t) = ∆φ(t) + φbkg(t), (2.10)
where ∆φ(t) is the ALP induced position angle shift, which can be seen as a slowly varying
perturbation for the observation, and φbkg(t) is the position angle shift due to the astrophys-
ical background (e.g., the varying magnetic field).
2.2 DM density distribution
At regions far away from the galaxy center, the DM density distribution can be approx-
imately described by an NFW profile. For ultralight axion DM, a solitonic core can form in
the galaxy center, due to the balance between the gravitational interaction and the quantum
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pressure. The radius of the solitonic core rc is related to the de Broglie wavelength of the
ALP field
rc =
2pi
mv
' 130pi
(
m
10−22 eV
)−1 ( v
10−3
)−1
pc, (2.11)
where v ∼ 10−3 is the mean velocity of Milky Way DM [36]. Within the solitonic core r < rc,
the ALP field is assumed to be coherent and homogeneous. The simulation shows the DM
density profile to be [47]
ρDM =
 190×
(
m
10−18 eV
)−2 (
rc
1 pc
)−4
M pc−3, for r < rc
ρ0
r/Rg(1+r/Rg)2
, for r > rc
(2.12)
where ρ0 = 1.4 × 107 M/kpc3 and Rg = 16 kpc. Though a smooth transition between the
solitionic core and the NFW distribution should exist in reality, we can ignore such a subtlety
by considering the emission of the photons from the inner region of the solitonic core.
The linearly polarized source that we consider in this study is around the SMBH, whose
size is much smaller than the extent of the solitonic core for m ∼ 10−18 eV. One may wonder
if the flat profile (2.12) is still valid around the horizon of the SMBH Sgr A?. Indeed there
could be some accumulation effects [48] which make the density of the surrounding ALP
fields even higher than the one of the solitonic core which is about 108 GeV cm−3. Thus our
adoption of Eq. (2.12) as a benchmark would result in conservative exclusion limits. There
could be some wash-out effects due to the presence of the SMBH, which will be discussed in
Section 4.
3 Data analysis and results
Sgr A? is an SMBH with mass of ∼ 4.3 × 106 M. Its Schwarzschild radius is about
4×10−7 pc (or 0.08 A.U.), given a distance of ∼ 8 kpc away from the Earth. Quite a number
of observations revealed the linearly polarized emission from Sgr A? [44, 49–51]. It has been
shown that the position angles vary with time, due possibly to the variation of the magnetic
field configuration.
In this work we use the observational data given in Ref. [44], which adopted a sub-
array of the EHT to map out Sgr A? at a resolution of ∼ 60µ as (corresponding to a spatial
resolution of ∼ 6 Schwarzschild radii). The observations were carried out for 5 nights. The
position angle varied significantly among different days of the observations. Even within one
day, there was large variation at different time. These variations reveal that the magnetic
field structure is highly dynamic in the region close to the horizon of Sgr A?. It is thus
difficult to use all these data to search for or constrain ALPs, which are expected to give a
periodic evolution of the position angle. However, we note that for day 82 of the observations,
the position angle remain relatively stable with only small perturbations. Thus we use the
data taken on day 82 to search for the ALP-photon coupling effect.
To examine whether there are ALP-photon coupling signals, we fit these datasets with
two types of hypotheses, the background hypothesis without ALPs (H0) and the signal
hypothesis with ALPs (H1). As we have mentioned before, the background induced effect
may be complicated and irregular, making the statistical analysis non-trivial. For the selected
day 82 observations, we assume that the background position angle is a constant φbkg = φ0
without significant variations. This assumption is reasonable, otherwise the background
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should change coincidentally with the ALP induced effect. The ALP induced position angle
change is shown in Eq. (2.9). The χ2 function is
χ2 =
N∑
i=1
(φobs,i − φ(ti))2
σ2i
, (3.1)
where φobs,i and σi are the observed position angle and its error. The model-predicted position
angle φ(ti) is given in Eq. (2.10), with φbkg(t) = φ0. Errors of the data we use result from
two major sources: one is systematic uncertainties in the calibration solution estimated to be
±3◦[44]; the other is the thermal noise calculated from the real and imaginary parts in the
polarization data. For each time, different array configurations with different baselines were
applied. Here we combine the three data sets, i.e., the CARMA array, the SMTR-CARMAL,
and the SMTL-CARMAR as given in Fig. S8 of Ref. [44], via adding their χ2 values together.
See Appendix for the results for individual data sets, which show small differences from the
combined one.
Figure 1: The 95% confidence level upper limits (red line) of the ALP-photon coupling
constant gaγ for different ALP mass, obtained using the observations of Sgr A? [44]. Other
constraints from the CAST experiment [20], the supernova SN1987A [21], the Fermi-LAT
observation of a population of supernovae [52], the VLBA polarization observations of parsec-
scale jets from active galaxies [34] and pulsars [38].
We define the test statistic (TS) value, TS ≡ χ2H0 − χ2H1 , to quantify the significance
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of potential signals from the ALP-photon coupling. The fitting gives a maximum TS value
for the combined three data sets of 21.7, with the best-fit ALP parameters m = 7.9× 10−18
eV and gaγ= 3.2 × 10−11GeV−1. Such a TS value corresponds to a significance of ∼ 4σ
for 3 degrees of freedom (m, gaγ , and initial phase δ). Note that the set of best-fit ALP
parameters have already been excluded by supernova observations [21, 52]. Therefore, we
conclude that no significant ALP signal has been found. We then derive the exclusion limits
of ALP parameters. For a set of fixed ALP mass m from 10−20 eV to 10−17 eV, we fit the
data with different ALP-photon coupling gaγ with a scan of δ in the range of [0, 2pi], and
obtain the 95% confidence level upper limit of the coupling at which the χ2(gaγ) value is
larger by 2.7 than the minimum value. The results are shown in Fig. 1.
For the ALP mass from ∼ 10−19 eV to 6 × 10−18 eV, the constraints from the Sgr
A? polarization are better than that from the CAST experiment [20] and supernova [21].
The lower limit of the sensitive mass depends on the total observational time, which is
about 4 hours, corresponding to m ∼ 3 × 10−19 eV according to Eq. (2.5). The upper limit
is determined by the observational interval which is about 20 minutes (corresponding to
m ∼ 3 × 10−18 eV). The constraints become weaker for masses far away from the above
sensitive region, as it can be seen in Fig. 1. Due to the different observational time coverage,
the constraints obtained in this work are complementary to those from pulsars as given in
Ref. [38].
4 Discussion
We discuss several potential uncertainties that may affect the analysis in this work. The
SMBH in the galactic center may affect the density distribution and the relative phase of
the ALP field within the solitonic core. For example, a Kerr black hole with a large spin
can result in superradiance of the bosonic field when its Compton wavelength is comparable
to the gravitational radius of the black hole [53–62]). A bound state of the bosonic cloud
can be built up until the spin of the black hole significantly decreases or the self-interaction
of the ALP field becomes important [63–65]. The accumulation of the ultra-light bosons
could also happen outside a Schwarzschild black hole [48]. In both cases, one could expect
an enhancement of the ALP density, leading to more stringent constraints of our results.
On the other hand, the presence of the black hole can also induce some washout effect
to the birefringence. ALP field may carry angular momentum from superradiance, or if
there are vorticities forming [66]. The angular momentum appears in the wave-function as
a position-dependent phase eimψ where m and ψ refer to azimuthal number and angle. A
spatially dependent phase of the ALP field leads to an average on the shift of the position
angle, which may wash out somehow the ALP-induced position angle variation. Without
losing generality, taking ψ = 0 and considering the average effect within δψ, one obtains the
wash-out factor caused by the angular momentum as [39]
1
δψ
∫ δψ/2
−δψ/2
cos(µt+mψ)dψ = sin(mδψ/2)
mδψ/2 cosµt. (4.1)
In reality, the emission region around the SMBH should be asymmetric, and therefore the
above wash-out factor should not be exactly zero. Taking the simulation results adopted in
Ref. [44] as an estimate, the emission region occupies about pi/2 of the whole disk, which
gives a wash-out factor of only 0.9. ALPs may also carry a radial dependent phase near
the horizon of the black hole [48]. Since the Compton wavelength of the ALPs in the mass
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range relevant in this work is much larger than the size of the black hole horizon, the wash-
out effect due to the radial oscillation is negligible. Another effect is that photons may get
trapped in the very close vicinity of the black hole, leading to revolving around the black
hole. As illustrated by the recent simulation [67], most of photons travel zero or once around
the black hole, before leaving the emission region. Therefore this revolving-induced washout
effect should also be small.
Finally, there could be some wash-out along the line of sight direction. The observed
radiation comes mainly from a region smaller than the resolution angle of the observations
which is a few times of the Schwarzschild radius. When the axion mass is less than 10−17
eV, its Compton wavelength is much longer than the source emitting size, and the average
along the line of sight becomes again negligible.
5 Summary
Due to the balance between the gravitational interaction and the quantum pressure, a
dense region of ALP field can form in the center of the Milky Way. For linearly polarized pho-
tons emitted in the galactic center, the position angles are predicted to oscillate periodically
due to the interaction with coherently oscillating ALP field. A polarimetric measurement
with good spatial resolution is particularly crucial for such a test. In this work we use the
polarimetric observations of the position angles of millimeter photons from Sgr A? taken by
a sub-array of EHT [44] to search for the ALP-photon coupling signature. No clear periodic
oscillation of the position angles has been found. We obtain constraints on the ALP-photon
coupling constant gaγ for ALP mass from 10−20 eV to 10−17 eV range (Fig. 1). Our results give
the strongest constrains on the coupling constant for the mass range m ∼ (10−19−10−18) eV.
The upcoming observations of Sgr A? by the full EHT array are expected to further improve
the sensitivities in searching for ALPs.
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Appendix
Here, we provide constraints on gaγ using the three data sets individually, i.e., the
CARMA array, the SMTR-CARMAL, and the SMTL-CARMAR as given in Fig. S8 of
Ref. [44]. Compared with the combined results of Fig. 1, the individual constrains are slightly
weaker.
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Figure 2: Same as Fig. 1 but for results obtained using the three data sets of Ref. [44]
individually.
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